). Therefore, from the distal portion of the synapse back toward the the SSR and other postsynaptic proteins will be present site of nerve-muscle contact in the absence of dynactin only at sites where the nerve resides or it has recently function. We combine immunohistochemical data with resided but since retracted. We reasoned that presynapelectrophysiology and electron microscopy (EM) to cattic retraction might be more rapid than the disassembly alog the events associated with synapse retraction in of the SSR (which takes days to form). Thus, if we obthese mutant backgrounds. Based on our data, we proserved sites where SSR is present without an opposing pose that the presynaptic microtubule cytoskeleton is presynaptic marker, we can conclude that the nerve has the first synaptic element to retract, followed by the retracted from a site where it once resided. In our assay elimination of presynaptic release machinery and, ultifor presynaptic retraction, we stain the SSR with an mately, the disassembly of the postsynaptic apparatus antibody against the Discs-large protein (Dlg), a PSDincluding postsynaptic glutamate receptors. Finally, us-95-like protein that is distributed throughout the SSR, ing a dominant-negative Glued transgene (DN Glued), and costain the synapse with presynaptic antibodies to we demonstrate that Glued function is necessary presynapsin, HRP, and the presynaptic cytoskeleton (antisynaptically, not postsynaptically, for synapse stabilizaFutsch). We refer to sites where we observe postsynaption. We hypothesize that the regulation of this complex tic Dlg staining without opposing presynaptic nervemay enable synaptic dynamics if the appropriate terminal staining as a "postsynaptic footprint" ( Figure 2B , top that these are local retraction events within a neuromusand middle). Like footprints observed at the wild-type cular synapse. Synapses were scored at muscles 6 and synapse, retraction occurs from the distal portion of 7, each having been innervated by two motoneurons the nerve terminal back toward the site of innervation (MN RP3 and MNb 6/7). The boutons derived from RP3 (proximal portion of the synapse; Figure 2B , middle). In can be distinguished from those of MN 6/7 by the charaddition, the retraction events that we observe in Arp-1 acteristic differences in bouton size (Kurdyak et al.,
RNAi animals affect only a single branch of the synapse 1994). The retraction events that we observe show a derived from a single motoneuron ( Figure 2B ). This sugwithdrawal from the distal end of the nerve terminal gests that, as during wild-type development, these reback toward the site of nerve muscle contact (proximal traction events may be a local synaptic phenomenon. portion of the synapse) and affect both type 1s and type Figure 2B , botsynapse retraction in a functional genomic screen. tom). Together with the Arp-1 RNAi, these data indicate sus postsynaptically, we have overexpressed a previously characterized dominant-negative Glued transthat inhibition of the dynactin complex leads to an ingene (DN Glued) in either nerve or muscle and then crease in the number of retraction events at the Droassayed for synaptic retraction (Allen et al., 1999) . Exsophila NMJ, strongly suggesting a role for dynactin in pression of the DN Glued transgene in the motoneuron synaptic stabilization. Furthermore, the precise phenoled to an increase in the number of synaptic footprints copy of our RNAi phenotype using a molecularly charac-( Figure 4A ; Table 2 ), whereas overexpression in muscle terized genetic mutation supports our functional genodid not affect synapse development ( Figure 4B ; In all of the examples of presynaptic retraction that we To determine whether dynactin might act locally within have observed, only one branch of the neuromuscular the synapse to mediate synapse stability, we investisynapse was generally eliminated. This indicates that gated the synaptic localization of the dynactin complex dynactin may be functioning locally to control synapse using a well-characterized polyclonal antibody against stability rather than being essential for motoneuron viathe Drosophila Glued protein (Waterman-Storer and bility or health. To further investigate this possibility, we Holzbaur, 1996). The anti-Glued antibody reveals a punchave performed TUNEL assays on the CNS of animals tate distribution at the NMJ and is concentrated within overexpressing DN Glued in the nervous system, as well the presynaptic nerve terminal ( Figures 3A and B) . Threeas Glued-1 mutations and Arp-1 RNAi. Apoptotic nuclei dimensional reconstruction of individual synaptic boutons were counted in the abdominal ganglion of the larval further demonstrates that Glued positive puncta are lo-CNS where the motoneuron pools reside. We did not see cated both presynaptically ( Figure 3C ) and postsynaptiany change in the number of apoptotic nuclei comparing cally ( Figure 3D ), being enriched within the presynaptic experimental and control animals, thereby ruling out nerve terminal.
premature cell death of motoneurons as the cause of synaptic retraction ( Figures 4D and 4E ). To determine whether dynactin is necessary pre-ver- a Genotypes represent transheterozygotic progeny from crosses between homozygous adults. All animals were analyzed as third Instar larvae. Results are presented for two independent insertions of the UAS-DN Glued transgene (84 and 96B). The elaV-GAL4 driver is expressed in neurons, and mhc-GAL4 is the promoter for the mysosin heavy chain and expresses GAL4 specifically in muscle. Both drivers are expressed during larval development. Genetic control is wild-type (wt) animals mated to flies homozygous for the UAS-DN Glued 96B insert. b Synapse retraction and binning of animals was performed exactly as described for Table 1 (Ͼ30%) reduction in bouton number when DN Glued is expressed presynaptically but no change in bouton 
number when DN Glued is driven postsynaptically (Fig-
In these recordings, there was no change in the average muscle resting potential or input resistance. There was ure 6B). In these experiments, bouton number is normalized to muscle size since bouton number is coupled substantial synapse-to-synapse variability with some synapses functioning at wild-type levels, while many with muscle size during normal growth (Schuster et al.,  1996a) . The dynactin mutants are smaller than wild-type, synapses showed severe deficits in transmitter release ( Figure 6D ). This electrophysiological data is consistent and normalization prevents overestimation of the reduction in bouton number. In these experiments, boutons with our quantification of presynaptic retraction since not every synapse shows a retraction and those that were visualized with two independent markers, synapsin and synaptotagmin, and there was no difference in boudo vary in the severity of the retraction. DN Glued is overexpressed pan neuronally in this experiment. The ton counts using these two different presynaptic markers. Thus, DN Glued-induced synapse retraction correobservation that a subset of synapses function at wildtype levels demonstrates that DN Glued is simply not lates with synapses containing fewer boutons. Since we observe synapse retraction in wild-type animals, we toxic to the neuron. Despite a decrease in presynaptic release, we do not hypothesize that synapse retraction may also be an important aspect of normal synaptic growth regulation, observe a change in quantal size when DN Glued is overexpressed presynaptically ( Figure 6C ). This sugparticularly during early developmental stages (see Table 1).
gests that synaptic retraction may be initiated presynaptically, followed by the disassembly of the postsynaptic To determine whether synapse retraction alters synaptic function, we have assayed synaptic efficacy in receptor field. In agreement with this, GluR clusters within a retraction domain, although fewer in number, animals overexpressing the DN Glued transgene presynaptically. On average, we observed a significant ‫)%04ف(‬ have normal cluster size and fluorescence intensity (Figure 6A) . Finally, we do not observe a change in the decrease in quantal content (an estimate of presynaptic release) at the DN Glued synapses (Figures 6C and 6D) .
frequency of spontaneous release events ( Figure 6C ). (Figure 7, Table 3 ). Synaptic boutons are statistically smaller on average compared to wild-type (Table 3) . Active zone number per bouton is Discussion decreased by ‫%05ف‬ compared to wild-type, in agreement with our electrophysiological and immunohistoWe present evidence that regulated synaptic growth at the Drosophila NMJ includes synaptic retraction events chemical data, demonstrating impaired synaptic strength and reduced GluR clusters at synapses undergoing synin addition to the well-characterized addition of new synaptic boutons. Synaptic retraction events (footprints) apse retraction (Table 3 ). There are several additional features of synapse disassembly that are readily apparare defined as the withdrawal of presynaptic antigens (synapsin, HRP, Futsch) from clearly defined regions ent. Presynaptic boutons are filled with large vesicles or vacuoles of varying size (Figures 7B and 7E) . Since of postsynaptic specialization defined by Discs-large immunoreactivity. We present multiple lines of evidence we do not see a change in quantal size, these large vesicles are unlikely to represent aberrant synaptic vesithat a footprint represents a site where the nerve terminal once resided and has since retracted, including light cles. These structures are consistent with the removal of nerve-terminal membrane and general presynaptic level and ultrastructural analysis. Previous reports have likely failed to identify synaptic retraction as an impordisassembly. Postsynaptically, we observe that the subsynaptic membrane folds (SSR) are much less compact tant element during synapse development in this system because postsynaptic markers were employed to study than those seen in wild-type, and we observe that the SSR can be invaded by mitochondria and associated synapse development (Zito et al., 1999) . We also demonstrate that synapse retraction events are more frequent electron-dense material (Figure 7 ; compare figure 7B and 7C to 7A). In distal regions of the synapse, with at early developmental stages that correlate with the more rapid phase of synapse growth (Table 1) . These severe SSR disruption, we observe that the presynaptic profiles are often very small and devoid of fully formed data suggest that regulated synaptic growth is achieved by a balance of synaptic growth and retraction at the active zones ( Figure 7C ). All of these data are consistent with retraction of the presynaptic terminal and an assoDrosophila NMJ. Such a balance of growth and retraction may represent a general principle of synaptic growth ciated disassembly of the postsynaptic specialization.
A particularly interesting ultrastructural phenotype of control in this and other systems (Cohen-Cory, 1999). Employing a functional genomic strategy, we have retracting synapses is the frequent observation of a gap between the postsynaptic density and the presynaptic identified the dynactin protein complex as an essential component of the machinery that achieves synapse stamembrane (Figures 7D and 7E) . Electron-dense material still appears in the synaptic cleft, suggesting that this bilization at the Drosophila NMJ. Disruption of the dy-nactin complex using any of three different perturbaEvidence that Presynaptic Retraction Precedes Postsynaptic Disassembly tions, including Arp-1 RNAi, the Glued1 mutation, or
We have characterized synaptic retraction caused by presynaptic overexpression of the DN Glued transgene disruption of the dynactin complex at the light level, all result in an increase in the frequency and extent of ultrastructurally and electrophysiologically. At each synaptic retraction events at the NMJ. Presynaptic, but level of analysis, the data support the conclusion that not postsynaptic, overexpression of the DN Glued transthe presynaptic nerve terminal withdraws, followed by gene enhances synapse retraction, phenocopying gethe disassembly of the postsynaptic apparatus. At the netic and RNAi perturbation of the dynactin complex.
light level, we observe that retraction of presynaptic Consistent with this observation, P150/Glued protein is markers precedes the elimination of postsynaptic Discspresent at the NMJ and enriched in the presynaptic large staining and GluR clusters. In addition, we do not nerve terminal.
observe a change in quantal size when DN Glued is Several lines of evidence suggest that dynactin funcdriven presynaptically, despite often severely impaired tions locally within the presynaptic nerve terminal to presynaptic release. By comparison, acetylcholine recontrol synapse stability. Retraction events do not result ceptors are removed postsynaptically prior to presynapin the complete elimination of a synapse, but are genertic elimination at the vertebrate NMJ, and a decrease in ally restricted to a specific branch or portion of a branch quantal size is observed (Colman et al., 1997) . Finally, we within the synaptic arbor of a single motoneuron. In observe ultrastructurally that the presynaptic membrane addition, MN 6/7 innervates multiple muscle targets appears to separate from the postsynaptic density with (White et al., 2001; Lnenicka and Keshishian, 2000), and high frequency at active zones when dynactin is disretraction events are often specific to only one or a few rupted presynaptically. This is again consistent with preof the muscle targets of this neuron, demonstrating that synaptic retraction preceding disassembly of the postretraction events can be branch specific on different synaptic apparatus. muscle targets.
An obvious concern is that inhibition of dynactin funcThe Role of Dynactin in Determining tion sufficiently impairs the health of the motoneuron to Synapse Stabilization cause a secondary retraction of the synapse. Ultimately, The dynactin protein complex binds microtubules and an assessment of "health" can only be achieved by has been shown to bind a number of proteins that localassaying a number of independent variables such as ize to the plus end of microtubules including Lis1, Eb1, electrophysiology, ultrastructure, morphology, and cell and Clip170 ( 82 . All UAS transgenes were analyzed single EPSPs that represented the maximal response to supraas transheterozygotes with corresponding GAL4 drivers. The Glued1 threshold stimulation. mutation was generated by crossing Glued1/TM6b flies to wild-type and analyzing the non-TM6b(Tb) larvae.
Electron Microscopy and Morphometry
Third instar control and presynaptic expressing DN Glued larvae were filleted in cold PBS on Sylgard plates and then fixed with cold Light Microscopy Primary antibodies were used at the following dilutions: monoclonal 2% glutaraldehyde in 0.1 M Na-cacodylate buffer, pH 7.4 for 10 min. The larvae were then transferred to fresh fix in scintillation vials and antibody against synapsin (Erich Buchner, University of Wurzburg) at 1:50, polyclonal antibody against Discs-large ( Budnik et al., 1996) fixed for an additional hour at room temperature (RT) with rotation. Following this primary fixation, the larvae were postfixed 1 hr at RT at 1:3000, polyclonal antibody against Drosophila Glued 
